Background: Meat quality traits are important in pig breeding programs, but they are difficult to include in a traditional selection program. Marker assisted selection (MAS) of meat quality traits is therefore of interest in breeding programs and a Quantitative Trait Locus (QTL) analysis is the key to identifying markers that can be used in MAS. In this study, Landrace and Hampshire intercross and backcross families were used to investigate meat quality traits. Hampshire pigs are commonly used as the sire line in commercial pig breeding. This is the first time a pedigree including Hampshire pigs has been used for a QTL analysis of meat quality traits.
Background
Since the first Quantitative Trait Locus (QTL) analysis in pigs was published in 1994 [1] , QTL analyses have been widely used to identify chromosomal regions harbouring genes for various complex traits in the pig such as growth, carcass composition and meat quality [2] . Meat quality traits have been studied before using crosses between Wild Boar and Large White [3, 4] , Meishan and Yorkshire [5] , Meishan and Large White/Landrace [6] , Duroc and Landrace/Yorkshire [7] , Berkshire and Yorkshire [8] , Iberian and Landrace [9] , Pietrain and Meishan and Wild Boar [10] , and between Duroc and Berlin Miniature pig [11] .
In this study we used a cross between Finnish Landrace and Swedish Hampshire set up by the Swedish breeding company Quality Genetics, as a combined intercross/ backcross design. Landrace has been used in several QTL crosses before, but so far the Hampshire breed has not been used in any QTL intercross which provided an opportunity to detect specific QTL alleles that have been selected in this breed. Landrace and Hampshire pigs differ in a number of traits including coat colour, body composition, fertility and meat quality. Landrace has a long body compared to the shorter more compact Hampshire pig and Hampshire is more muscular than Landrace [12] .
A mutation in PRKAG3, the RN-mutation (RN -), has a large impact on the technological yield and meat quality and has been widespread amongst Hampshire pigs [13] . Its high frequency was most likely the result of its ability to increase the lean meat content of pigs. The effect of the RN-mutation in this cross on traits such as technological yield, meat quality and colour characteristics of pork has been published elsewhere [14] [15] [16] .
A genome scan detecting QTLs for carcass traits in this cross was published previously [17] , and in this study we report the results for meat quality traits. We identified four QTL regions on three different chromosomes that reached genome-wide significance. At least two of these have not been detected in previous studies.
Results
The total length of the linkage map including all autosomes was estimated to be 23.8 Morgans (M). The average distance between markers was 23.1 cM, with five telomeric regions on SSC 3, 5, 7, 8 and 16 exceeding 50 cM between markers. The linkage map is presented in Table 1 .
The genome-wide significance thresholds were F = 8.3 and F = 10.2 at the 5% and 1% level respectively, for traits analysed using a combined F 2 and backcross analysis. The sensory traits were analysed using only F 2 animals and for these the significance thresholds were F = 9.9 and F = 12.9 at the 5% and 1% genome-wide significance level, respectively.
Three PRKAG3 alleles, RN -(R225Q), rn + (wild type) and rn* (V224I), were segregating in this family material. Allele frequencies in the F 2 and backcross generations are presented in Table 2 . As an internal positive control, we performed a QTL analysis of muscle glycogen content without including the PRKAG3-genotype as a fixed effect. This gave a significant QTL effect with an F-value for muscle glycogen content of over 100, which completely disappears when the PRKAG3-genotype is included as a fixed effect (data not shown). This confirms the high quality of the phenotypic data and an excellent matching of genotype and phenotype data.
We performed genome scans for 39 meat quality traits (Table 3 ) and observed eight genome-wide significant QTL tests (Table 4 ; Figure 1 ). This is more than the expected number of Type I errors, given the fact that we have carried out genome scans for 39 traits and used the 5% significance level. All QTL tests that reached chromosome-wise significance are compiled in Table 5 . We observed 46 suggestive QTLs which are only slightly more than the 39 expected Type I errors (~1 per genome scan/ trait). Thus, a large proportion of the suggestive QTLs is expected to be false positives and further studies are needed to sort out which ones are true positives. The suggestive QTLs are therefore not further discussed here except those that were co-localized with QTLs showing genome-wide significance. No QTL showing genetic imprinting was detected in this study (data not shown).
On SSC3, a QTL for protein content in M. Longissimus dorsi (LD) was detected with a peak at 156 cM. The QTL showed an additive effect and the Hampshire allele was associated with a higher protein content. In the same region of chromosome 3 we detected QTLs for glycogen content in LD, water content in LD and colour a* (redness), all of which reached chromosome-wise significance ( Table 5 ). The Hampshire allele was associated with reduced glycogen and water content and higher degree of redness (colour a*).
QTLs affecting water content in LD, drip loss in LD during four days and pH decline in LD between 45 min and 3 hours post mortem were detected between positions 51 and 69 cM on SSC6 (Table 4 ; Figure 1 ). It is likely that these significant effects reflect the action of a single QTL. The QTL showed an additive effect and the Hampshire allele was associated with higher water content, drip loss and pH decline after slaughter. In the same interval, QTL tests with chromosome-wise significance for freezing and cooking loss, drip loss during 24 hours and intramuscular fat in LD were obtained ( Table 5 ). We excluded the previously published porcine C1843T mutation in the ryanodine receptor gene (RYR1) [18] as a causative mutation for this QTL since it did not segregate in the pedigree discussed herein.
Another QTL on SSC6, with its peak at position 119 cM, was identified for three highly correlated traits, chewing resistance, tenderness and chewing time, scored by a trained sensory panel. The significance and estimated effects of this QTL must be interpreted with caution since only 53 animals were scored for these traits. This QTL showed overdominance, which means that the heterozygous class had the most extreme phenotypic value, and was associated with higher tenderness (Table 4 ). A sugges-tive QTL (1% chromosome-wise significance) for the total impression of the meat was found in the same region of chromosome 6 ( Table 5 ).
We identified a QTL for freezing and cooking loss at 41 cM on SSC16 showing overdominance; the heterozygotes showed reduced freezing and cooking losses ( Table 4 ). In the same region, suggestive QTLs for drip loss during 4 days and 24 hours were also identified ( Table 5 ).
Discussion
Meat quality is obviously of great importance in commercial pig breeding and it is a trait that is difficult and expensive to measure accurately on a large number of pigs in a progeny testing scheme. It is therefore of considerable interest to identify QTLs in experimental populations and exploit such loci by marker assisted selection (MAS) in breeding programs. Furthermore, the molecular characterization of genes controlling meat quality and meat con-tent can provide new insights into muscle metabolism. This is illustrated by the identification of missense mutations in RYR1 [18] and PRKAG3 [13] that have major effects on lean meat content and meat quality, as well as We identified two QTL regions on SSC6. The first QTL region, located at position 51-69 cM, affects water content in LD, drip loss in LD over four days and pH decline in LD between 45 min and 3 hours post mortem. Several other studies have also identified QTLs for meat quality traits in this region. QTLs for meat quality, stress resistance and carcass composition were mapped to SSC6 in crosses including the Piétrain breed. These QTLs are most likely explained by a mutation in RYR1 occurring at a high frequency in the Piétrain breed [10, 20] . The pigs in our cross do not carry this mutation. Another study using non-carriers of the RYR1 mutation has also identified QTLs for meat quality traits in this region. Malek et al. identified a suggestive QTL for pH 24 hours post mortem in loin using a Berkshire x Yorkshire cross [8] . The location of this QTL is in the same region as our QTLs and they both showed an additive effect. However, Malek et al. did not detect QTLs for drip loss and cooking loss in this region even though these traits were included in their study.
The second QTL region on SSC6, with a peak at 119 cM, influenced chewing resistance, chewing time and tender-ness. These traits are highly correlated and we assume that it is a single QTL that influences all three traits. A panel of individuals subjectively scored these traits and only 53 pigs were included. The small sample size reduces the power to detect QTLs for these traits and the results should be interpreted with caution. The QTL showed overdominance and was estimated to explain an astonishing ~35% of the residual variance, which could be an overestimation due to the few number of pigs analyzed. To put these results in perspective, we performed a QTL analysis for muscle glycogen content on chromosome 15 using the same 53 pigs to test if we could detect the segregation at the RN locus with this small number of pigs (PRKAG3-genotype was not included as a fixed effect and PRKAG3 was excluded as a marker in the linkage map). We obtained a statistically significant F-value of 11.0 at approximately the correct position (data not shown). This demonstrates that we can detect loci with major phenotypic effects using only 53 animals. Interestingly, Szyda et al. have reported a QTL for tenderness with an overlapping location to our QTL using a Norwegian commercial slaughter pig cross including Duroc, Norweigan Landrace and Yorkshire [21] . Further studies are required to find out whether our observation reflects a Type I error or a new major locus with an important effect on meat quality.
A QTL for protein content in LD was found at 156 cM on SSC3 and, to the best of our knowledge, no QTL with similar effect has previously been reported in this region. Sim- ilarly, we are not aware of any previously reported QTL with a strikingly similar effect to the one for freezing and cooking loss in LD that we mapped to position 41 cM on SSC16. Pierzchala et al. identified QTLs for conductivity, pH measurements and stress response on SSC16 in crosses between Meishan, Wild Boar and Piétrain but they did not detect a QTL for cooking loss even though this trait was scored [22] . Paszek et al. also detected a QTL for pH in muscle on SSC16 but did not see any QTL for muscle moisture in that region [5] . Our QTL had no significant effect on pH values.
Conclusion
In this study 39 meat quality traits were analyzed and we identified eight QTLs at the genome-wide significance level. The QTLs were located in four regions, one on chromosome 3, two on chromosome 6 and one on chromosome 16. This was the first time the Hampshire breed was used in a QTL study of meat quality traits and it enabled us to detect two previously undetected QTLs on chromosome 3 and 16. We also identified two QTLs on chromosome 6 that coincide with QTLs detected in previous studies. One of the chromosome 6 QTLs is located in the same region as QTLs explained by the C1843T mutation in the ryanodine receptor (RYR1), however we have been able to exclude this as a causative mutation for our QTL. Several interesting QTL regions have been identified in this study and, although they require further investigation, they may be interesting for Marker Assisted Selection (MAS) in the future.
Methods

Animals and genotyping
The breeding company Quality Genetics established a three generation-cross between Finnish Landrace and Swedish Hampshire for commercial reasons. A combined intercross and backcross design was used. Eight Landrace boars (L) were crossed with 41 Hampshire sows (H) generating 52 animals in the F 1 -generation (LH). F 1 -animals were then intercrossed to produce 136 F 2 -animals. LH animals from the F 1 -generation were also reciprocally backcrossed to 42 purebred Hampshire pigs producing 112 (LH × H) and 72 (H × LH) offspring. Including the parental generation of the purebred Hampshire pigs the pedigree comprised a total of 527 animals. The offspring represented 86 full-sib families.
Husbandry and slaughtering as well as the phenotypic measurements have previously been described in detail [14] [15] [16] 23] . The pigs were raised at three different breeding farms referred to as herd, but they were slaughtered at the same commercial slaughterhouse. During the experiment, the stunning procedure at the slaughterhouse changed, from individual stunning with CO 2 to stunning in groups of five pigs. The traits analyzed in the current study are listed in Table 1 .
A total of 120 microsatellite markers covering the autosomes were PCR amplified in 450 animals (excluding the 77 purebred Hampshire sows in the parental generation) and genotyped using either an ABI PRISM ® 3100 Genetic Analyzer and ABI GeneMapper™ Genotyping Software in Copenhagen or a MegaBACE™ 1000 DNA Analysis System and Genetic Profiler (Amersham Biosciences) in Uppsala.
The three alleles, denoted rn + (wild type), RN -(R225Q) and rn* (V224I), at the PRKAG3/RN-locus were scored according to a previously described method using pyrosequencing [13] . The single point mutation (C → T) in the pig ryanodine receptor (ryr1) gene changing an arginine to a cysteine at amino acid 615 [18] 
Statistical analysis
Linkage maps were built using the CRI-MAP program version 2.1 or 2.4 [24] . The sex average maps were used in the QTL analyses. Phenotypes were checked for normal distribution using the Ryan-Joiner normality test in MiniTab and transformed when necessary. The QTL analyses were performed using QTL express [25] and the combined F 2 and backcross option as described in detail in our previous study [17] . The model including additive and dominance effects was compared with a model also including a parent-of-origin effect for all traits. For meat quality traits, except male hormones, the fixed effects herd, sex, stunning procedure and PRKAG3/RN-genotype were used; six different PRKAG3/RN genotypes were observed. For sex hormones, only herd, stunning procedure and PRKAG3/ RN-genotype were included as fixed effects. The QTL analysis of sensory traits only included F 2 progeny and these were therefore analyzed using the F 2 design in QTL express. The model included herd, stunning procedure and PRKAG3/RN-genotype. Genome-wide significant thresholds were determined by permutation tests [26] .
One thousand permutations were performed for all traits and an average calculated. Two different thresholds were permutated for traits analysed using the different options in QTL express. Chromosome-wise significant thresholds were also determined by permutation tests using thousand permutations. Confidence intervals (CI) were estimated for each genome-wide significant QTL using the bootstrap method [27] and 10,000 iterations were performed. For the genome-wide significant QTLs, the residual variance explained by the QTL was computed as ((Residual sums of squares reduced model -Residual sums of squares full model)/Residual sums of squares reduced model) ×100.
